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" Air ﬂow intensity is analyzed and determined the best aeration condition for phytase production.
" Agitation was inefﬁcient to help to remove CO2 and metabolic heat.
" Respirometric quotient (RQ) was established during the fermentation and kinetics parameters of were calculated.
" Metabolic heat evolution was described along the fermentation.
" Patterns of biomass and phytase production were similar at both scales.a r t i c l e i n f o
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Phytase production by Aspergillus niger F3 by solid state fermentation (SSF) on citrus peel was evaluated
at pilot scale under different aeration conditions. The best airﬂow intensity was 1 VkgM (Lair
kg medium1 min1), which allowed to produce 65 units of phytases per gram in dry basis (65 Ug1 d.b.)
as it removed the metabolic heat generated by the microorganism, Agitation did not improve heat
removal. Airﬂow intensity was considered as scale-up criterion. When the airﬂow intensity was main-
tained at 1 VkgM for SSF with 2 and 20 kg of medium, the kinetics parameters for biomass and enzyme
concentration at the end of fermentation differed by less than 2. The air ﬂow intensity was required to
maintain the temperature and cool the SSF and to provide oxygen for microbial growth. Air ﬂow intensity
is a key a factor that must be considered when scale-up of SSF is attempted.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Although the production of phytases by solid-state fermenta-
tion (SSF) has been intensively studied (Singh and Satyanarayana,
2011; Mamma et al., 2008; Pandey et al., 2001), kinetic models
useful for scale-up to semi-industrial or industrial applications
are not existing (Bhargav et al., 2008). Several models for describ-
ing scale-up of submerged fermentation (SF) are available and
these highlight three different phenomena of great importance:
thermodynamics, transport phenomena and kinetics (Junker,
2004). The oxygen transfer rate (KLa) is one of the most important
factors in SF, because O2 has to be dissolved in the liquid phase be-
fore it is available to the cells. In the case of SSF, the oxygen phys-
iological demand does not present difﬁculties when compared to
SF, but SSF demands higher levels of aeration due to the require-
ment for efﬁcient heat exchange.ll rights reserved.
dríguez-Fernández).Microbial growth during aerobic SSF is calculated relating the
O2 consumed and the CO2 produced Rodríguez-León et al. (1988),
Sato et al. (1983):
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Being:
a ¼ Yx=omDt
where Yx/o: yield of biomass based on O2 consumed (g biomass pro-
duced/g O2 consumed); m: maintenance coefﬁcient (g O2 con-
sumed/g biomass produced h); Dt: time interval considered (h).
Table 1
Phytase produced by Aspergillus niger F3 after 120 h at different air
ﬂow intensities in solid state fermentation of citrus peel.
Airﬂow intensity (VkgM) Phytases (U/g) (d.b.)
0.50 39.39 ± 1.15
0.75 51.21 ± 0.50
1.00 64.22 ± 1.19
1.25 65.14 ± 0.65
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in real-time by microbial growth can be calculated by an energy
balance (Rodríguez-León et al., 1991; Narahara et al., 1984). The
energy balance shows that:
Wg ¼ Qm  hAðTout  T inÞ0:24ðTout  T inÞ þ 0:45ðToutHout  T inHinÞ þ kðHout  HinÞ
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whereWg: mass ﬂow of dry air (kg dry air/h); Qm: rate of metabolic
heat (kcal/h); h: heat transfer coefﬁcient (kcal/m2 h C); A: heat
transfer area (m2); Tout,in: temperatures of outlet and inlet air
(C); k: latent heat of water vaporization (kcal/kg water); H1;2: abso-
lute humidity of air inlet and outlet (kg water/kg dry air); QO: sub-
strate heat of combustion (kcal/g O2 equivalent consumed); g:
energetic yield (dimensionless); rb: carbon weight fraction in the
biomass (g C/g biomass); cb: biomass reduction degree (equivalent
of available electrons/gram of carbon atom); l: maximum or expo-
nential speciﬁc growth rate (h1); Xo: initial biomass cells (kg); t:
time of fermentation (h).
It is important to emphasize that the relationship between oxy-
gen demand (airﬂow) and growth is explicitly derived from the
rate of metabolic heat (Eq. (4)) in Eq. (3). Usually, the aeration in
SSF is expressed as a particular volume/time unit. This is an exten-
sive unit and depends on the size of the system. If the aeration is
considered as airﬂow intensity, i.e., the average of airﬂow rate
per kilogram of substrate (expressed as VkgM) a unit is obtained
that is independent of the scale (Rodríguez-León et al., 2007).
The successful operation of large-scale bioreactors depends on
design features obtained after mathematical modeling, including
susceptibility of the substrate and fungal morphology to changes
in temperature, effect of particle size and voids between particles,
quantity of the substrate used and height of the substrate bed
(Bhargav et al., 2008).
Also, considering the airﬂow intensity (VkgM) multiplied by the
bed density (kg/L), the corresponding dimension is in units per
time (min1). Taking into account that bed density (q) is the ratio
between the solid substrate mass and the fermentation volume, if
the speciﬁc growth rate (l) is considered too, then the relation of
these three factors ðq VkgMl Þ gives a dimensionless number.
The purpose of the present work was to study the inﬂuence of
airﬂow intensity (VkgM, L air kg medium1 min1) on phytase pro-
duction by SSF during a 10-fold scale-up.
2. Methods
2.1. Solid-state fermentation
Aspergillus niger F3 inoculum was prepared according
Rodríguez-Fernández et al. (2011). SSF were carried out in a med-
ium prepared with dried citrus peel supplemented with the follow-
ing salts on a dry basis: NH4NO3 0.43%; NaSO4 0.021%;
MgSO47H2O 0.077%; ZnSO47H2O 0.042%; KCl 0.162%; Ca(OH)2
0.011%. Initial moist was 60%. Aeration intensities were 0.5; 0.75;
1 and 1.25 VkgM for 120 h.
Fermentations and respirometric studies were carried out in
two drum bioreactors with 2 and 20 kg of medium with a paddle
agitated at 5 rpm.
2.2. Analytical methods
Phytase activity was determined according to Rodríguez-
Fernández et al. (2010).To accurately measure the O2 balance, two Aalborg sensors
model GFM were used (Rodríguez-Fernández et al., 2011). O2 con-
sumption and CO2 production were measured over a period of
120 h.
The biomass produced during SSF was estimated by measuring
the ergosterol present in the fermentation medium at different
times. The ergosterol was determined according to Rodríguez-
Fernández et al. (2011).
For calculations of the energetic yield, the free sugars in the cit-
rus peel were considered as glucose, while galacturonic acid was
regarded as the main component in pectin, and xylose as the main
component in hemicelluloses.
To determine the best airﬂow condition, phytase production
means at different aeration conditions were compared employing
Tuckey’s test. Each experience was replicated three times.
3. Results and discussion
3.1. Study of airﬂow intensity levels
Phyatse production under different airﬂow intensities in the
bioreactor charged with 2 kg of solid medium is shown in Table
1. In all cases the difference among the treatments was higher than
T0.05 (4.53), except for the airﬂow intensities of 1 and 1.25 VkgM.
This means that the most adequate airﬂow rate was 1 VkgM be-
cause higher ﬂow rates can be considered unnecessary and costly.
Lower productions of phytases observed at airﬂow rates below
1 VkgM could be due to insufﬁcient amounts of air to oxidize the
carbon source present in citrus peel, ineffective extraction of CO2
produced during fermentation and limitation in the extraction of
metabolic heat.
3.2. Inﬂuence of agitation on the production of phytases
Considering the high degree of compaction observed during
growth of ﬁlamentous fungi in solid state fermentation, two condi-
tions of agitation were tested, continuous and discontinuous, with
an agitation speed of 5 rpm. The production values of phytase were
4.43 U g1 for continuous agitation and 24.99 U g1 for discontinu-
ous agitation. In addition, microbial growth was lower in agitated
medium and the medium presented an odor characteristic of
anaerobic processes, possibly resulting from the presence of organ-
ic acids produced. The agitation of the fermentation media was
performed to improve oxygen circulation transfer among the
spaces of solid particles, remove CO2 and the metabolic heat pro-
duced during fermentation and, eventually, avoid the compaction
of the solid medium. However the type of agitator used in this bio-
reactor produces shear forces between the solid medium and the
inner mesh covering in the fermenter. This, coupled with the high
moisture content of the medium, caused the formation of a viscous
layer that prevented entry of air and created semi-anaerobic con-
ditions in the system.
3.3. Determination of kinetic parameters and air demand at 2-kg scale
Fig. 1 shows the respirometric coefﬁcient involved in aerobic
growth of A. niger F3. The highest values were reached at 48 h of
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Fig. 1. Respirometric coefﬁcient (RC) during solid state fermentation of Aspergillus
niger F3 in citrus peel.
Table 2
Kinetic parameters and phytase production by SSF of Aspergillus niger F3 growing in
citrus peel.
Time (h) l (h1) m (gO2 h1 g1) Phytases (U g1) (d.b.)
0–48 0.069 0.0023 19.97
48–72 0.044 0.0038 31.64
72–96 0.025 0.0078 54.48
96–120 0.014 0.0112 64.22
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that time, the microorganisms started to consume other carbon
sources, like pectin and hemicelluloses. The values reported in
Table 2 for phyatse production, l and m were obtained by solving
Eq. (3). Considering that the substrate and the microorganism were
the same as those used by Rodríguez-Fernández et al. (2011), the
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Fig. 2. Airﬂow demand necessary to remove the metabolic heat produced during
SSF.maintenance coefﬁcient were the same. This observation indicates
that phytase production is related to the speciﬁc growth rate and
the increase in energy from the endogenous process related to
the maintenance coefﬁcient.
Metabolic heat produced depends on carbon sources consumed
from the solid matrix, so the possible energetic yields of the use of
simple sugars (corresponding to the carbon sources in the med-
ium) were determined. Energetic yield for the substrate was calcu-
lated by the equation reported by Rodríguez-León et al. (1991):
g ¼ cBrB
cSrS
YX=S
where rs: carbon weight in the substrate (dimensionless); cs: sub-
strate reduction degree (equivalent of available electrons/g carbon
atom; YX/S: yield biomass/substrate.
The values of energetic yields for each simple sugar assumed for
this mediumwere 0.58 for glucose and xylose, for galacturonic acid
was 0.75. Other values assumed to calculate metabolic heat pro-
duced were the following: the enthalpy of water vaporization
(560 kcal/kg H2O), the temperatures inside and outside the reactor
(35 and 30 C, respectively) and the corresponding absolute
humidity in saturated air (0.028 kg H2O/kg dry air and 0.037 kg
H2O/kg dry air, respectively). The combustion heat of the substrate
was equivalent to the heat required to consume 27 kcal/g of O2
equivalent, and rbcbwas taken at 1.85, as proposed by Minkievich
and Eroshin (1973). The rate of metabolic heat produced was cal-
culated using Eq. (4). To determine the amount of air necessary
to remove the metabolic heat, Eq. (3) was used. Fig. 2 shows the
demand of airﬂow intensity to remove metabolic heat produced.
The highest demand of air for cooling was noticed at 72 h, when
the metabolic heat reached its highest value (0.52 kcal/h). A similar
behavior was reported in other SSF studies (Narahara et al., 1984;
Rodríguez-León et al., 1991). After that time, the heat evolution be-
gan to decrease, a phenomenon related to the diminution of the
speciﬁc growth rate. This observation makes it evident that the ac-
cess of microorganisms to oxygen is not the key problem for SSF
that it is for SF; instead removal of metabolic heat generated dur-
ing the growth process is the key factor in SSF and determines the
amount of air demanded for fermentation.3.4. Scale up of the SSF process
As it was demonstrated, that the static condition was the best to
produce phytase and aeration should be ﬁxed at 1 VkgM due to the
heat exchange requirement, the airﬂow intensity was used as sole
scale up criterion for a 20-kg process in a reactor with the same
geometry used on the smaller scale. Phytase and biomass produc-
tion are shown in Fig. 3. Kinetic parameters determined in the bio-
reactor charged with 20-kg of moist material were similar to those
reported for the bioreactor charged with 2-kg. The dimensionless
number derived by taking into account the airﬂow intensity was
2.76  102. This last relationship among variables implies that
not only air intensity but also bed density (and therefore the poros-
ity of the bed) must be considered in the scale up of SSF. In this
case, the bed density was 0.4 kg/L. This density was obtained by
ﬁlling a recipient of known volume with the solid matrix (without
compacting it) and weighing. The same speciﬁc growth rate of
0.069 h1 was considered for both reactors. This is the value in
the ﬁrst 72 h and also gives the highest value of metabolic heat
generation. Employing the same values for air intensity and bed
porosity in a further scale-up seems to be a good approach in the
case of the SSF studied, but it might be better to state initial bed
porosity because porosity change due to the growth of microorgan-
isms. Other considerations in the scale-up of a SSF still need to be
addressed.
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Fig. 3. (a) Kinetic pattern of phytase production at 2 and 20-kg scales in SSF; and (b) kinetic pattern of biomass production at both scales in SSF.
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An airﬂow intensity ﬁxed at 1 VkgM was the best option to pro-
duce phytase by SSF in citrus peel. The major part of the air was
used to remove metabolic heat. Results were very similar when
keeping the same airﬂow intensity value for substrate loads of 2
and 20-kg. Also, a relationship between the density of the bed
and the airﬂow intensity per speciﬁc growth rate gave a dimen-
sionless number important to future studies of scale-up.
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